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ABSTRACT

In the deslgn of coastal  structures i t  Ls often neceasary to calculate the
levels to whlch waves wlll rurrup on the f,ront face of the structure.

Thle report auumarlses the results of a eerl.es of model tests conducted with
random wavea to measure the save rurrup and refl-ectLon performance of steep
smooth and armoured elopes. These tests folLow a llterature review,
publlehed eeparatellr on wave rurrup on enooth and armoured slopes as used
ln the conatructlon of breakwatere, seawalls and revetments. The results of
thLs study are lnterded to asslst those deetgnlag, constructlng or
malntalnlng such atructurea.

An understandtng of the rurup performance of the seaward face of a seawall
or breakwater, whether armoured and rough, or relatl.vely smooth, ls requlred
to al low the desLgner to:-

(a) eetl.mate the crest level of the atructure to pernlt the exceedarrce of a
certaln proportl.on of the waves for various alternatlve types of
arnouring;

(b) deduce sultable valueg for different wave condltlone of a roughneae
faetor used in estlnatlng overtopplng dischargea, thus allowtng the
economLc deslgn of rear slopes.

The report presenta meaaurements of rurup levels for emooth slopee, ad
for slopea annoured wtth tetrapods, antLfer cubee, etabits, dlodes and
SIlEDe. The effects of at.ructure alope, wave ateepDess and epectral ehape
are consldered, aa are dlfferent meaaurement technl.ques. VarLous enpLrlcal
expressLona are fltted to the teat reaults, ad nay be used for estlnatlng
typlcal rurup levels ln prelinLnary desl.gn. Comparl.sons have been made
with those predlctLon nethods avallable, and a rnrmber of discrepancies
between the results of the varlous nethods have been explored. The report
ldent l f lea an uncertalnty ln the predlct lon of runup levele on emooth
slopee of the order of 302. The report presents meaaurements of random wave
rurup on armoured slopes ard compares reeults wlth those predlcted fron
regular wave work. These sLnple comparLeons appear to show relatLvely good
agreement. lleasurementa of the wave reflectlon performance of the slopes
tested are also preeented.

Registered Office: Hydraulics Research Limited,
Wallingford, Oxfordshire OXl0 8BA.
Telephone: 0491 35381. Telex: 848552





Notat lon

A
B

a

b

exper imenta l ly  deEermined coef f ic ients for  empir ica l  expressi -ons

D So medi .an rock d iarneter

g  g rav i t a t i ona l  acce le ra t i on  (m /s )

I t  wave height ,  crest  to  t rough

Ho of f  shore wave height ,  in  deep r , rater

t1s s ignt f icant  wave height  of  a s teady sea stat .e

H 2 wave height exceeded for onLy 2% of the r^raves in a steady sea state

I r  l r i ba r ren  number ,  de f i ned  i n  4 .2

I r '  r nod i f i ed  I r i ba r ren  nu rnbe r ,  de f i ned  La  4 .2

Kr  sCruc tu re  re f l ec t i on  coe f f i c i en t ,  de f i ned  i n  2 .3

L  wave  l eng th

Lo deep water  wave length

Ls wave length at  the st ructure

r  norn inal  s lope roughness coef f ic ient

R run-up,  expressed as a height  above stat ic  water  level

R's s igni f icant  rdave run-up,  mean of  h ighest  th i rd run-up crests

R 2 run-up height  exceeded by only 2% of  run-up crests

r  mean run-up height ,  ar i thnet ic  rnean of  a l l  run-up crest  heights

Sr  re f l ec ted  spec t ra l  ene rgy  dens i t y

S i  l nc iden t  spec t ra l  ene rgy  dens i t y

Tz mean zero crossing wave per iod

Tp wave per iod of  peak spectra l  energy

d st ructure s lope angle to the hor izonta l

B inc ident  wave angle,  wave crests to seawal l

lx  wave probe spacing
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I.Nlts.ODUCTION

1.1  Genera l
llave energy incident upon a seawall or breakwater may
be re f lec ted ,  t ransmi t ted  or  d lss ipa ted .  Waves
ref lected from such a structure wi l l  lead to tncreased
wave act iv i ty in i ts v ic inl ty,  leading in turn to
htgher wave orbi tal  veloci t ies and hence bed scour,
and to additional novements for vessels moored or
navigat ing nearby. Waves transmit ted over or through
a breakwater deslgned for overtopping may not give
r ise to such problems, but \ tave energy transnit ted
over a seawal l  wi l l  cause f looding and/or damage to
land behind or to Ehe seawal l  i tsel f .  The object of
good hydraul ic design of such structures is to
disslpate the najor i ty of the incident wave energy in
as economical a fashion as possible. The pr imary
nechanism for the dissipat ion of wave energy is
turbulence, of ten associated with wave breaking. ) ' IosE
storm waves can be irrduced to break on shallow smooth
s lopes ,  bu t  w i l l  tend  to  re f lec t  f rom smooth  s lopes
bui l t  at  the steeper angles dlctated by the costs of
construct ion of such structures. t r lave energy nay
however also be dissipated by turbulent f low through
the nany voids forrned around and between the aruour,
undertayer and core uniEs of rubble nound seawal ls or
breakwaters. i lowever,  on both armoured rubble slopes,
and smooth slopes, waves wi l l  a lso tend to ruo-up over
the outer surface of Lhe structure. I f  the structure
crest is lower Lhan the maximuu run-up, the st,ructure
wi l l  su f fe r  over topp ing .

In the planning and design of coastal  structures,
especial ly seawal ls,  l rave run-up and overtopping are
often the pr imary hydraul ic factors dictat lng the
crest level of  the wal l .  As the cross sect ion area
and the cost.  wi l l  lncrease approxLmarely with the
square of the structure height,  accurate predict ions
of run-up performance are essent ial  to the economic
design of such structures. In the past designers
often attempted to deslgn the crest leve1 of t ,heir
structure high enough to prevent overtopping, by
sett ing the crest level above a ealculated maximum
run-up level.  Thls,  however,  presupposed thaE such a
maxlnum run-up level could be determined. Wlth a
ful ler understanding of the probal ist lc nature of.
\daves and water levels,  i t  has become clear that
overtopping cannot always be wholly prevented. The
design of certaln seawatls may therefore be based on
Ehe deterninat ion of an accepta}+ern4l inum overtopping
d i s c h a r g e  a s  d i s c u s s e d  b y  O w e n  \ L ' a ' J ' .  F o r  o t h e r
structures, however,  the design var iable used to
determine the crest level nay be an exEreme run-up
1evel sueh as the 2% exceedance level used in the
D u t e h  

" e 4 s ( 4 ) .



1 . 2  P r e v i o u s work

1 . 3  O u t l i n e
study

This repor t  considers predict ion methods for  the
est imat ion of  ext reme run-up levels on coasEal
st ructures wi th re lat ive ly  s teep seaward faces,
subject  to  randou waves ac perpendicular  inc idence.

The predicEion of  run-up levels on smooEh s lopes is
general ly  wel l  documented,  a l though oost  work has been
based on tests us ing regular  \ {aves only.  Some recent
experiment.al work with irregular waves has been
presented by Ahrens,  who suggests a predict ion mef [qd
for  run-up on smooth s lopes under i r regular  waves\ ' , ' .
I t  is  in terest ing however Eo note that  th is  method has
not  been incorporated in to the most  recent  edi t ion of
the Shore Product ion Manual  (4th edi t ion,  1984).

Pred ic t ion  rue thodg, f ,o r  a rmoured roug[ .s lopes  suggested
by  the  Dutch  code(q / ,  and by  Ahrens , ( ) / ,  re ly  on
apply ing a roughness reduct ion factor  to  run-up levels
p red l c ted  fo r  t he  equ i va len t  sqge th  s l ope .  Rece4 ! .
wo rk  by  Losada  { i  G imenez -Cur to (6 ) ,  and  Ly  A l l sop (7 ) ,
has shown, however, that run-up levels on armoured
rubble s lopes are not  wel l  descr ibed by the
app l i ca t i on  o f  a  s i ng le  roughness  co r rec t i on  f ac to r .
FurEhernore the general trends of run-up on armoured
rubble s lopes were not  wel l  descr ibed by the
predict . ion methods comrnonly suggested.  A carefu l
rev iew of  the avai lable design guidel lnes,  and of
recent  research work was therefore in i t ia ted,  and has
been  pggpen ted  sepa ra te l y  by  A l l sop ,  F ranco  &
Hawkes (6 ) .  Th i s  rev iew  con f i rmed  tha t  run -up  on
armoured rubble s lopes exhib i ts  d i f ferent  Lrends f rom
that  on smooth s lopes,  and that  Ehe appl ieat ion of  a
s imple reduct ion factor  was l iab le to lead to some
inaccuracy in  the est inat ion of  run-up levels.  This
was par t icu lar ly  so for  the steeper s t ructure s lopes
used for  rubble rnound construct ion.  The rev iew
therefore recomrnended that nodel tests should be
conducted to measure run-up on both armoured rubble
s lopes and smooth s lopes under random wave at tack.  I t
was suggested that a number of differenL armour units
should be tested,  and that  var ious probabi l i ty
d is t r ibut ions should be f i t ted Eo the random wave
run-up levels measured.  I t  was hoped that  the resul ts
of  these tests would then a l low the der ivat ion of
enpi r ica l  expressions for  the predict ion of  run-up
levels on both arrnoured rubble slopes and smooth
s l o p e s .

of  th is

Fol lowing f rom the l i terature rev iew,  a ser ies of
tests were devised to measure the run-up and
ref lect ion per formance of  rubble s lopes armoured wi th

uni ts  in  two layers,  te t rapods and ant i fer  cubes,  and
in a s ingle layer ,  s tabi ts ,  d iodes and SI IEDS. Rock



armour was not chosen as the random nature of rock
size and shape,  together  wiEh the wide range of
p lac ing nethods and densi t ies,  would have requi red a
more extensive test  programme than was possib le wi th in
the t ine avai lable.  Smooth s lopes were inc luded to
al low compar ison of  the resul ts  of  the proposed test
and neasurement  methods wi th the resul ts  of  prev iously
publ ished predicLion methods.

The par t icu lar  concrete armour uni ts  selected were

chosen to be typ ical  of  those used in rubble
breakwater and seawall construction around the UK, and
elsewhere.  The tet rapod has been used widely around
the wor ld s ince i ts  in t roduct ion in  the ear ly  1950s by
the Neyrpic  Hydraul ic  Labog*tory,  and is  descr ibed by
Dane l ,  Chapus  and  Dha i l l i e \7 / .  The  te t rapod  i s
normal ly  la id in  two layers to an essent ia l ly  regular
pat tern.  The ant i fer  cube is  a grooved and tapered
cubic uni t ,  and is  a lso usual ly  la id in  Ewo layers.
I t  was f i rs t  used at  the French por t  of  Ant i fer  near
Le Havre, and has since been used on a number of sites
inc lud ing  thg ,Sqhab i l i t a t i on  wo rk  a t  S ines ,  repo r ted
by Mo1 eE al  \ " / .  Breakwater  sect ions armoured wi th
anEi fe j ,qgbes have been model  Eested by Al lsop and
S tee le \ " / .  S tab i t s  have  a l so  been  used  w ide l y  on
breakwater  and seawal ls ,  usual ly  ln  a s ingle layer
la id in  a pat tern known as "br ickwal l " .  The
development  and use of  the stabi t  have been descr lbed
by  s in in ( I2 ) ,  and  recen t  rnode l  t es t s  o f  a  s tab i t
arrnoured bqeg(water have been reported by Owen, Steele

/ 1 2 \
and  A l l sop \ r J , r .  The  l as t  two  a rmour  un i t s  cons ide red
in th is  s tudy are both la id in  a s ingle layer ,  to  a
complete ly  regular  pat tern.  The development  and use
of  thgr f iode uni t  has been descr ibed by Barber  and
Lloyd\r ' , , .  The SI{ED uni t  has been used on both
breakwat.ers and seawalls around the UK, and ln the
l" ledi terranean and Arabian seas.  Hol low cube uni ts ,
inc luding the SI{ED and tSq,cob,  have been considered
by l l i lk inson and Al lsop\" ) ,  whi ls t  deta i ls  of  ruodel

tests to determine the hydraul ic  nel {grmance of  the
SHED uni t  have been g iven b/  Al lsopv r .  Some test
resul ts  f rorn that  s tudy have been inc luded in la ter

chapt .ers of  th ls  repor t .

The construct ion of  the test  sect ions,  and the
measurement  techniques employed for  wave ref lect ions

and run-up are d iscussed in chapter  2 of  th is  repor t .
The test  resul ts  are presented separate ly ,  ref lect lons
in chapter 3 and run-up in chapter 4. Work fltt ing
probabi l l ty  d is t r ibut ions to some of  the measured dat .a
is  descr ibed in chapter  5.  Compar isons of  the typ ieal
run-up levels measured on both smooth and armoured
slopes are made wi th those predicted by a var iety  of
nethods in  chapter  6.  The use of  these test  resul ts t

and the conclus ions of  the study are g iven in chapter
7 .



MODEL TESTS

2 . L  T e s t  f a c i l i t y

2 . 2  T e s t  s e c t i o u s

The nodel  tests in  th is  pro ject  were conducted in  the
deep random wave flurne at I lydraulics Research. This
f lume, s t rown in F ig 2.1,  is  52n long and is  d iv ided
for  much of  i ts  length in to a centra l  test  channel ,
ending in  a f inger  f lume, and two s i .de absorpt ion
channels.  Spl i t ter  wal ls  of  graduated porosi ty  are
designed to ru in ln ise the level  of  re-ref lected r raves.
Ttre wave paddle is a buoyant wedge driven by a
double-acting hydraulic ram. The randoo wave control
s ignal  is  suppl ied by an t {RS spectrut r  synthesizefrar
desc r i bed  e l sewhere  by  F rye r ,  G i l be r t  and  Wi l k i e \ ' - l .
An h ierarehical  system of  PDP or in l -computers is  used
to per form on- l ine analys is  of  a l l  su i table analogue
measureuent  s ignals us ing e i . ther  s tat ls t ica l  or
spectra l  analys is  programs.  The pr inc ip les of  these
measurement  and analys is  net t /?qq have been d iscussed
by  Dedow,  Thompson  and  F rye r \ " / .

The smooth and arruoured s lopes tested were constructed
on a hinged test frame that had been used for the
ear l ier  s tudy of  the hydraul ic  per formance of  a s ingle
layer hollow cube armour unit, and is shown in
Fi -g 2.2.  This f rarne was h inged to a snal l  toe wedge,
a l l o w i n g  s l o p e s  o f  1 : 1 . 3 3 ,  1 : 1 . 5  a n d  1 : 2 . 0  t o  b e  s e t .
The rubble s lopes were bui ld  on a per forated ueta l
shee t ,  o f  22% a rea  po ros i t y ,  3mm d1a t " t e r  ho les ,
supported on the f rame. Rock under layer  l^ tas la id over
the per forated sheet  to a rn in inum th ickness of  4 DSO
to support  the aruour.  The th ickness of  the
under layer  was adjusted so that  the upper sur face of
each arnnour layer was at the level of the sides of che
support  f rame. The under layer  was b lended f rorn
crushed l imestone to the fo l lowing speci f icat ion:-

Sieve s i .ze:  mm Fract ion by wetght :  %

0-6 l0
6 -L2  20

12-18 10
18-2s 60

A size grading of the resulting blend is shown in
F i g  2 . 3 .

For smooth slopes the frame was covered by a Lrooden
sheet ,  but  for  t ,he armoured rubble sect ions,  f ive
di f ferent  armour uni ts  were used.  The construct ion
these armoured rubble test  sect ions is  sunmar ised
below, in  rnodel  d imensions.  Deta i ls  of  the ho11ow
cube armoured s lopes tested ear l ier  are inc luded.

o f



Un i t

Te t rapod

S tab i t

An t i f e r
cube

Diode

SHED

2 .3

Arrnour size
: g

3 0 1

2 9 2

Test  s lope
angle, cot

1  . 33
1 .  50
2  .00

I  . 33
1 .  50
2  .00

1  . 33
r .  50
2 .00

1  . 33
1 .50

I  . 33
1 .  50
2  .00

No armour
layers

2
2
2

1
I
I

2
2
2

I
I

1
1
I

I

U ' l aye r  P lac ing
Lh i ckness  dens i t y :
:  mm uni ts / rn 2

284

2s6

58

Measurement of
wave ref lect ions

100
100
100

L25
L25
L25

r00
100
100

135
135

80
80
80

3s4
3s4
354

3 0 5
305
305

496
496
465

2 2 2
2 2 2

625
625
625

The wooden board used for smooth slopes, and the sides
of the frame for t,he rubble slopes were each marked
off  in painted intevals of 100nm width up the slope.
These painted bars were used to judge run-up levels
from the video recordings. In the earl ier tests,  t .he
SHED uniEs themselves, la id in a close regular
pattern, were used to deduce run-up 1evels.

The tetrapods were laid in the conventional t\to layer
fashion with lower layer units in herr ingbone pattern.
The result ing armour pack containing 448 tetrapods is
shown in Fig 2.4. Stabits were however laid in the
single layer br ickwal l  pattern used on a nunber of
breakwgpqg and as tested by Owen, Steele and
Al lsop l ' rJ / .  A  to ta l  o t  293 Mk I I I  s tab i ts  were  used
on this test,  sect ion, shown in Fig 2.5. Ant i fer cubes
are normally laid in two layers. Around 640 cubes
were used on each test s lope, but at  the steeper
s l o p e s  o f  1 : 1 . 3 3  a n d  t : 1 . 5 0  i t  w a s  n o t  p o s s i b l e  t o
maintain the or lginal  packing density,  and a sl ight ly
denser placing resulted. This sect ion is shown in Fig
2.6. The diode units were laid in a single layer to
the regular pattern shown in Fig 2.7. The SHED unLts
had also been laid closely packed in a single layer,
F i g  2 . 8 .

The measurement and analysis of wave reflections is
best  understood in terms of  s ine waves.  A cer ta in
proport ion of  the energy of  a s ine wave inc ident  on a
s lope wi l l  be ref lected as a s ine wave of  the sa 'oe
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per lod,  but  of  a lower height .  The coef f ic ient  of
re f l ec t i on ,  K r ,  may  be  de f i ned  as  t he  re f l ec ted  wave
height  d iv ided by the inc ident  wave height .  I f
irregular rdaves are regarded as Ehe sum of sine waves
of  d i f ferent  f requencies,  then the ref lect . ion
coef f ic ients can be calculated for  each f requency
considered in the inc ident  wave spectrum. The
re f l ec t i on  coe f f i c i en t ,  K r ,  may  then  be  de f i ned  fo r
any frequency band width in terms of the reflected and
inc ident  energy densi t ies in  that  band width,  Sr  and
S i  r e s p e c t i v e l y : -

L
Kr  =  ( s r / s i ) 2 .

In  th ls  s tudy wave neasureoents were made using two
wave probes,  separated by a d is tance lx .  The inctdenE
and ref lected wave spectra cannot  be measured
d i rec t l y ,  buE  a re  ca l cu la ted  i n ,p4 .ana l ys i s  p rog ran
dev i sed  by  G i l be r ! ^and  Thonpson ( td / ,  based  on  the
m e t h o d  o f  K a j i n a ( 1 9 ) .

The analys is  method calculates values of  Kr  over  a
wide range of  f requencies,  but  the method is  only
val id  over  a rest r ic ted band re lat .ed to the probe
spacing.  Two di f ferent  probe spacings \ rere therefore
used for  each test ,  a l lowing a wide range of  wave
frequencLes to be covered.

Tests to measure wave ref lect ions were run wLth the
wave s)mthesizer  set  to  produce shor t  sequences.  The
wave measurement and analysis computer was then linked
to Ehe synthesizer ,  to  a l1ow analys is  of  prec isely  one
sequence of  waves.  This a l lows Ehe spectrum to be
desc r i bed  w i thou t  s ta t i s t i ca l  unce r ta in t y .

Run-up measurements were rnade by two d i f ferent
methods.  The f i rs t  o f  these used manual  analys is  of
v ideo recordings of  waves on the s lope.  Use of  a
video camera uounted above and approximately normal
to the s lope had been test .ed successfu l ly  before.  The
analys is  of  the v ideo recordings was per forned by
count ing the tota l  r rumber,  and hence proport lon,  of
run-up crests exceeding cer ta in f ixed levels on the
s  l o p e .

The second rnethod used run-up st r ips or  probes
at tached to the test  sect ion support  f rame, on the
smooth s lope,  or  imraediate ly  above the upper sur face
of  Ehe uni ts  on the armoured s lopes.  These run-up
gauges operated on the same pr lnc ip le as the
convent ional  twin-wire wave probes.  They were
carefu l ly  ca l ibrated at  each s lope angle and were
found to g ive a l inear  response to a very h igh
standard.
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3.1  Ana lys is  and
presenta t ion
of  resu l ts

The signal fron the run-up gauge was logged by the

mini  comput ,er  system, and analysed by two methods.  A
stat is t , ica l  analys ls  program ranked departures f rom a
f ixed (g iven)  1eve1,  in  th is  instance stat ic  water
level .  This  prograf l r  produced h is tograus of  the number
of  run-up crests fa l l ing in to cer ta in bands.  The
analogue output fron the run-up gauge was also run to
a bank of  over topplng detector  rnodules set  to  regis ter
exceedance numbers for  g iven levels.  In  most  of  the
tests too few of  these counters regis tered run-up
crests to a l low the resul ts  to be used,  excepL as a
check on the correct  funct ion of  the v ideo and run-up
gauge rnetirods.

The mettrod used for the measurement and analysis of
wave ref lect ions have been covered br ief ly  in
sec t i on  2 .3  above ,  and  gpg .d i scussed  i n  g rea te r  dep th
by Gi lber t  and Thornpson\  ro/ .  The presentat ion of  the
resul ts  fo l lows d i rect ly  f rorn the analys is  nnethod in
which the coef f ic ient  of  ref lect lon is  ca lculated at
each of  a number of  f requeney bands.  The resul ts  may

then  be  p lo t t ed  as  va lues  o f  r e f l ec t i on  coe f f i c i en t ,
Kr  against  wave f requency,  f .  I t  should be noted that
these f requency values are in  model  terms and have not
been  sca led .

The analys is  technlque does however assume that  energy
is  not  sh i f ted f rom one f requency band to any other .
However,  in  wave breaking,  an lnc ident  long per iod

rdave may well give ri.se to a number of snaller and
rnuch shor ter  waves.  I f  these shor t  \ {aves ref lect ,  the
analys is  may calculate a greater  coef f ic ient  of

ref lect ion for  the h igh f requeney shor t  waves than ls
due to the inc ident  waves of  that  f requency.  A lower
value of Kr nay sinilarly be calculated for the low
frequency,  long per lod,  \daves.  In  some c i rc ,umstancest
values of  Kr  greater  than uni ty  nay be calculated.

In consider ing the test  resul ts ,  account  must  be taken
of  the in f luence of  such non- l inear i t ies,  and the
under ly ing t rend nust  be ident i f ied.  The resul ts  of
the ref lect ion neasurements in  th is  s tudy are
p resen ted  i n  F ig  3 .1 -5 ,  and  to  t hose  resu l t s  have  been
appl ied a sketched t rend l lne for  each s lope tested.
These l ines are not  in tended to represent  the mean

l ines through the measured points,  but  to  i l lust rate
the l ike ly  l in i t ing t rends.  In  par t icu lar ,  where
waves break at  or  on the test  s lope,  the longer low



3.2  Smooth  s lopes

3.3 Armoured slopes

f requency waves may ref lect  par t ia l ly  as shor ter  h igh
frequency vraves. In these circuustances some
measurements may suggest low values of Kr at the lower
f requencies,  and h igh values at  the h igher
f requencies.  This shi f t  o f  energy f rom 1ow
frequencies has been ignored in est imat ing the t rend
line, as tt wil l only occur when the long waves are of
suf f ic i .ent  s teepness to break,  and not  when long rdaves
of  re lat ive ly  low steepness are present .  I t  is  these
longer rdaves that are of particular relevance to
harbour design,  and i t  is  bel ieved that  the h igher
values of Kr indicated by the trend lines shown are
more realistic than would be given by a simple nean
l i ne .

The resul ts  of  the measurement  of  the ref lect ions f rom
smooth s lopes are sumnar lsed in F ig 3.  l .  The graphs
for  each s lope are s imi lar  to  those neasurg{* ,
prev iogqfy and shown by Wi lk inson & Al lsop\" /  and
A l l sop ( / ) .  A t  co t  a  =  1 .33 ,  K r  rema ins  a round
1 .0 -0 .9 ,  w i t h  a  vg f y . s l i gh t  depa r tu re  f r on  tha t
p resen ted  ea r l i e r ( r ) . ) .  A t  t he  rwo  sha l l ower  s l opes ,
t . rends s imi lar  to  those seen before hrere apparent .  At
cot  cr  = 1.50,  va lues of  Kr  var ied f rotn around 0.9 at
0 .6  L l z  down  to  abou t  0 .8  a t  1 .0  Hz .  I n  t he  ma in ,
test  condi t ions on these two steeper s lopes produced
rlaves that surged up and down the slope without
s igni f icant  rdave breaking.  AE cot  a = 2.0,  the
character  of  wave act iv i ty  on the s lope star ted to
change, and some lsaves plunged and broke on the slope.
Sone indicat ion of  th is  is  shown by the ref lect ion
character is t ics of  th is  s lope,  wi th Kr  vary ing f rom
around  0 .8  a t  0 .6  Hz  down  to  abou t  0 .55  a t  1 .0  Hz .

The armoured s lopes a l l  exhib i t  less ref lect ions than
do the equivalent  smooth s lopes.  Resul ts  for  these
slopes are summarised in F igs 3.2-5,  cover ing
tet rapod,  ant i fer  cube,  s tabi t  and d iode armoured
s lopes  respec t i ve l y .

Ref lect ions f rom tet rapod armoured s lopes are shown in
F ig  3 .2 .  As  on  snnoo th  s l opes ,  t he  s teepe r  s t ruc tu re
s lopes  g i ve  r i se  t o  h lghe r  re f l ec t i on  coe f f i c i en t s .
Fo r  co t  c  =  1 .33 ,  t he  re f l ec t i on  coe f f i c i en t  K r  ove r
Ehe f requency range 0.6-1.0 Hz rdas around 0.35,  th ls
r e d u c e d  t o  0 . 3 0  f o r  c o t  c =  1 . 5 ,  a n d  a t  c o t  u =  2 . 0  i t
reduced fur t .her  to around O.25.

The results for ant i fer cube armoured slopes shown in
F ig  3 .3  a re  fa r  less  c lear .  The sca t te r  o f  resu l ts
for cot,  c = 1.33 and 1.50 was exEreme, rnaking i t
inpossible to ident i fy any clear trend l ine. This
unexpected degree of scatter may be due to the many
ref lect ing faces of the cubes as laid on the slope.
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4.L  Ana lys ls  methods

At cot  a = 2.0 a more coherent  t rend emerges,  wi th
ref lect ion character is t ics that  c losely match Ehose
measured on the equivalent  te t rapod s1ope.

l {easurements wi th Lhe stabi t  armoured s lopes produced
a coherent  set  of  ref lect ion charact ,er is t ics,  shown in
F ig  3 .4 .  Fo r  a l l  t h ree  s lope  ang les  re f l ec t i ons
showed Ehe same trends as lrrere measured for t,he
te t rapod  s lopes .

The d iode armoured s lopes were tested at  the steeper
two angles only.  The ref lect ion character is t ics shown
in Fig 3.5 exhib i t  s l ight ly  lower ref lect ion levels
than were measured for  the tet rapod or  s tabi t  armoured
s lopes .

Results of the two primary rnethods of run-up
measurement  d iscussed in 2.4 above,  v ideo recordings
and run-up gauges,  have been analysed in essent ia l ly
the same ways '  In  both instances the resul ts  of  the
measurement  of  run-up on a par t i .cu lar  s lope,  under a
par t icu lar  inc ident  sea state,  were tabulated as
values of run-up levels with the corresponding numbers

and/or  proport ion of  run-up crest .s  that  exceeded each
of  those levels.  At  a very ear ly  s tage of  analys is  in
th is  s tudy graphs were p loEted of  exceedance
probabi l i ty  agalnst  run-up level ,  on l inear  ax is .
Such a method of  presentat ion coupressed the pr inc ipal
area of  in terest ,  ext reae run-up levels,  and d id not
lend i tse l f  to  the easy compar ison of  theoret ica l
p robab i l i t y  d i s t r i bu t i ons  w i th  t he  t es t  r esu l t s .  A
nunber of  a l ternat ive approaches were therefore
devised.  I " leuhods of  f i t t ing var ious probabi l i ty

d is t r ibut ions to the data are d iscussed later  in
Chapter  5 of  th ls  repor t ,  but  are not  covered in

deta i l  here.  In  th is  chapter  the emphasls is
pr i rnar i ly  on the calculat ion of  representat ive run-up
levels f rom each of  the measured data sets.  The
levels ehosen,  R2 and \ ,  were selected by refg;qnce
to prev ious woEls,  in  par t icu]41 the Dutch code\- /  and
work  by  Ah rens ( ) )  and  A l l sop ( / ) .  Fo r  t he  ana l ys i s  o f

re lat ive run-up levels,  two Eechniques have been

used :  -

(a )  D i rec t  i n te rpo laE ion

Values of  R2 and R" were in terpolated d i rect ly
fron the table of run-up levels at the 2% an.d
13.537" exceedance values respect ive ly .  This  was

the most  d i rect  rnethod of  determin lng typ ical
run-up levels,  and gave the most  sat is factor i ly
def ined values of  R2 and R".  The calculated
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values were however d i rect ly  af fected by the
scat ter  of  the measured resul ts ,  which was
substanEia l  ln  some data sets.  In  those
instances other  methods of  der iv ing values of  R2
and Rs i {ere used.  In general ,  however,  dt rect
in terpolat ion was used whenever possib le in  th is
s tudy.

(b )  F i t t ed  p robab i l i t y  d i s t r l bu t i on

In  a  p rev ious  s tudy (7>  ,  p robab i l i t y  d i sE r i bu t i ons
of  Ehe general  form of  a Rayle igh d is t r ibut ion
were f i t ted to the rneasured run-up levels,  for
each of  the sea states tested.  Thls procedye
may be i l lust rated by p lot t lng values of  R r '
aga ins t  va lues  o f  -  l n  Q(q i ) ,  whe re  Q(R i )  i s  Ehe
exceedance probabi l l ty  of  any level ,  Ri .  A
stra ight  l ine was then f i t ted to the t ransforned
data set  by a s imple regression analys is ,  g iv ing
values for  coef f ic lents A and B in an equat ion of
the form:

R i ' =  B - A  1 n  Q ( n i ) ( 4 .1 )

Values of R2 and Rs were then calculated from
th is  equat ion  fo r  va lues  o f  Q(Ri )  o f  0 .020 and
0.1353 respec t ive ly .  The use o f  th is  method
clearly pre-supposes that the Rayleigh
distr lbut ion is indeed a good f i t  to the measured
data, and that calculat,ed values of R.2 and R"
therefore reproduce accurately the trends of the
run-up d is t r ibu t lon .

I t  wi l l  be clear from Lhe above that these analysis
methods may each lead to di f ferent est imatlon of
run-up levels for the same data set.  Furthermore the
two pr incipal methods of measuring run-up, vldeo
recordings and run-up gauges, wi l l  a lso each lead to
d i f fe ren t  seEs o f  resu l ts .  In  the  fu r ther
considerat ion of the run-up measurements, the results
derived by direct i r r terpolat ion from the run-up gauge
out,put wi l l  be regarded as the pr imary data set,  to
which the results of other methods w111 be corapared
where appropriate.

The pr lnclpal factors affect ing the run-up level of  a
wave on a sinple slope nay be l isted:-

I' lave heighE H or lls
Wave length L, or per iod Tz or Tp
St ruc ture  s lope,  co t  a
Incldent, wave angle P ( F = 0" in this study)
S lope roughness  r  ( r  =  1 .0  fo r  snooth  s lopes) .

t 0



It has been noted in previous work that \^rave run-up
1eve1s of  thenselves are not  d i rect ly  su i table for
furLher analys is ,  but  are bet ter  expressed as
dimensionless or  re lat ive run-up levels,  such as R2/ l Is
and R"/ t {s .  Sin i lar ly  the pr inc ipal  input  paramet,ers,
wave height  and per iod,  and the st ructure s lope angle,
have been successfu l ly  character ised by a nunber of
authors by the d imensionless sur f  s in i lar i ty
parameter ,  or  I r ibarren number,  I r .  This  has been
def ined for  regular  h/aves as:-

Ir = tan ul (n/to)'z

For random waves a similar parameter
the  nod i f ied  l r ibar ren  number ,  I r r : -

I r t  =  tan  s /Gs/Lp) \

w h e r e L p = g T p 2 / Z n .

(4 .s  )

by a s inple st ra lght
( 2 . 8  (  I r r  <  6 . 1 )  f o r

( 4 .2 )

nay be def ined,

( 4 .3  )

4.3  Smooth  s lopes

The resul ts  of  the test  neasurements have therefore
been expressed as re lat ive run-up values,  and have
been p lot ted against  the nodi f ied I r ibarren number.

Most run-up measurements in this study were rnade using
run-up gauges. Relative run-up levels on the smooth
slopes,  der ived by d i rect  in terpolat ion f roro the
analys is  of  run-up gauge output ,  are shown in F ig 4.1.
As descr lbed above,  re lat ive run-up levels are p lot ted
against ,  the i r regular  l r ibarren nurnber I r t .  Four  sets
of  data are shown in th is  f igure.  Values of  R2/Hs and

n"/ t ts  are shown for  each of  the spectra l  types used
in the tests.  For  s igni f icant  run-up,  R"/ I Is ,  the
di f ferent  spectra l  types appear to have no d iscernable
ef fect  on the levels neasured.  Sinple regression
analys is  has a l lowed the f i t t ing of  s t ra ight  l ines.
For  the JONSWAP spectra: -

R " / H s  =  2 . L 3  -  0 . 0 9  I r r

and for  the Moskowi tz  spectra: -

R " / H s  =  2 . L L  -  0 . 0 9  I r r

These may c lear ly  be descr ibed
l ine over  the range considered
bo th  spec t ra : -

R " / H s  =  2 . L L  -  0 . 0 9  I r t

( 4 .4  )

( 4 .6  )

The data for the 2% exceed.ance run-up 1evel does not
show quite such good agreement, but even if there were
no spectra l  shape ef fect ,  th is  would not  be
part icu lar ly  surpr is ing.  The value of  R2 is  not .  as

I 1



accurate ly  def ined by any par t icu lar  data set  as the
value of  Rsr  and greater  scat , t ,er  in  the calculated
values of  R2 n ight  therefore be expected.  For  the
J0NSWAP spectra: -

R 2 l H s  =  3 . 3 5  -  O . l 8  I r |  ( 4 . 7 )

and for  the Moskowi tz  spectra: -

R2 lHs  =  3 .53  -  0 .25  I r '  ( 4 .9 )

A careful exauinatlon of these two data sets suggests
that this di f ference is not of  great signi f icance, and
that R2/I Is may be described by a single expression
f i t t e d  t o  b o t h  d a t a  s e t s : -

R 2 l H s  =  3 . 3 9  -  0 . 2 1  I r t  ( 4 . 9 )

Equat ions 4.6 and 4.9 are shown as the trend l ines in
F ig  4 .1 .  I t  shou ld  be  nored rha t  the  da ta  i s
scattered, and that insuff ic ient data is avai lable to
determine stat ist ical  conf idence l imits.  The
equat ions calculated are also only val id over the
range o f  cond l t ions  cons idered (2 .8  (  I r r  <  6 .1 ) .

The video recording technique discussed earl ier was
also used Eo measure run-up levels.  Levels calculated
by direct interpolat ion from these measurements are
shown in Fig 4.2, and are compared with results
derived using this technique in an earl ier study. The
two set.s of results coopare wel l ,  and demonstrate
sini lar t rends for R2 and R" as those seen in Fig 4.1.
Again a simple regression analysis has been used to
f i t  s t ra igh t  l ines  to  the  da ta  se ts  in  F tg  4 .2 ,
givlng: -

R " / I t s  =  2 . 5 O  -  0 . 1 6  I r r  ( 4 . 1 0 )

R 2 / t l s  =  4 . L 6  -  0 . 3 1  I r f  ( 4 . 1 1 )

To test furuher the comparabi l l ty of  the results of
this study with the earlier work, run-up levels were
also calculated using Rayletgh probabi l i ty
distr ibut ions f i t ted to the run-up probe output,  as
out l lned in 4.1b above. The results of this exercise
are shown ln Fig 4.3. Again the results for di f ferent
spectral  types are plotted separately.  A careful
examinat ion of results from the two spectral  types
again showed no signi f icant di f ferences, and sinple
l inear regression gave vir tual ly ident ical  results.
The lines fitted to the co,nbined data sets rnay be
summarised: -

R" / t t s  =  2 .34  -  0 .12  I r '

R2 lHs  =  3 .56  -  0 .23  I r r

( 4 .L2 )

(4 .  i 3  )

t 2



4.4 Armoured slopes

The s igni f icant  run-up levels R",  were very c lose to

those deduced d i rect ly  f rou both the run-up gauge

output  and the v ideo recordings (F igs 4.1 and 4.2
respect lve ly) .  At  the more extreme 2% exceedance
level  the agreemenl  beEween resul ts  f rom the d i f ferent
methods is  not  so good.  Those der ived f rom the run-up
gauge  ou tpu t ,  F igu res  4 .1  and  4 .3 ,  show c lose
agreement ,  ind icat ing that  the Rayle igh probabi l i ty

d isEr lbut ion g ives a reasonable descr ipt ion of  the
resul ts .  The resul ts  for  2% exceedance level  R2,
der lved f rom the v ideo recordings are general ly  h igher

than those derived from the run-up gauge output. This
discrepancy n ight  ind icate a tendency for  the observer
to over-est iuate the numbers of  ext reme run-up crestst
or  possib ly  for  the run-up gauges to under-est imate
thei r  occurrence.

Inpl ic i t  ln  the method of  presentaElon used in

Figs 4.1-3 is  the assumpt ion chat  the ef fect  of  armour

s lope angle,  &,  is  indeed fu l ly  descr ibed by the tan a
term in the I r lbarren number.  The val id i ty  of  th is

assumpt ion has been explored by re-Present ing the
run-up levels derived from run-uP gauge output by
d l recc  i n te rpo la t i on ,  as  shown  i n  F ig  4 .1 ,  p l o t t i ng

data for  each s lope angle separate ly  ln  F ig 4.4.  The
regression l ines shown are lhose calculated for  the
complete data sets and g iven ear l ier  as equat ions 4.6

and  4 .9 .  Cons ide ra t i on  o f  t he  da ta  i n  F ig  4 .4

suggests Ehat  the data sets for  each s lope angle are
indeed wel l  descr ibed by the parameter  chosen,  R/Hs
and l r r ,  wi th in the normal  scat ter  of  such
measurements.

On the armoured rubble s lopes tested in  th is  s tudy '
the wave run-up levels were neasured at, or as close
as possib le to,  the upper sur face of  the armour layer .
Both run-up gauges and video recording lneasurement
techniques were used,  as were both analys is  methods

out l lned in 4.1 above.  The tv to most  sat is factory sets
of  resul ts  were those der ived by d i rect  in terpolat ion
from the run-up gauge output for the slopes armoured
rdi th teErapods or  wi th ant i fer  cubes.  The resul ts  for

Lhese two armour unl ts  are shown ln F igs 4.5 and 4.6.
To each set  of  resul ts  have been f i t ted curves of  the
general form proposed by Losada and Gimenez-Curto by

an i terat ive regression method.  For  the tet rapod
armoured s lopes these regression l ines may be g iven

b y :  -

n" /Hs =  L .32  f r -exp  ( -0 .3 r  r r ' )  ]

R2 lHs =  1 .83  f r -exp  ( -0 .30  r . ' )  ]

( 4 . L 4 )

( 4 . 1 5 )
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For the ant i fer  cube armoured s lopes s imi lar  l lnes rnay
be  g i ven  by : -

R" / I I s  =  1 .07  [ r -e *p  ( -0 .45  r r ' )  ]  G .L6 )

R2 l I I s  =  ! . 52  [ r - " *p  ( - 0 .34  r r ' )  ]  ( 4 .17 )

These l ines each give a possible mean trend of the
sets of data points.  However,  i t  has not been
poss ib le  to  ascr ibe  s ta t i s t i ca l  con f idence l i rn i ts .

Another general  expression that rnay be used to
character ise run-up on porous,rough slopes is that
ascr ibed to CERC by Gi. inbak\zv),  whlch may be
wr i  t ,  ten :  -

R / t t s =  A r r r  ( 4 . 1 g )
I r r  + B

GUnbak gives run-up levels measured on rock slopes
under regular waves, and f i ts an expression that ruay
b e  w r i t t e n : -

R / H  =  1 ' 6  I r (4 .  r  e )
I r  *  2 . 0

Expressions of  th is  general  form have a lso been f i t ted
to  t he  te t rapod  s lope  resu l t s  cons ide red  above : -

R^/ t l s  =  2 '346 T t '
o  l r r  +  6 . 5 0

R " / H s  -  3 ' 5 7 5  r r f
'  h t  t  7 . 8 8 7

( 4 .20 )

(4 .2L )

Run-up behaviour on the armoured slopes was also
measured using the v ideo recording technLque.  For
some s lopes,  measurements us ing the run-up gauges were
not  avai lable.  I t  was therefore fe l t  to  be important
to compare run-up measurements using both gauges and
video recordings when possib le to a l low the use of
resul ts  f rom the v ideo recordings only i f  necessary.

Both analys ls  methods were used for  the tet rapod
armoured s lopes.  Run-up levels der ived by d i rect
in terpolat ion f rom the gauges have a l ready been
discussed,  those der ived by the same method f rorn the
video recordings are shown in F ig 4.7,  and those
calculated by f i t t ing the Rayle igh d is t r ibut ion to the
video resul t ,s  are shown ln F ig 4.8.  Both sets may be
compared  w i th  t hose  i n  F ig  4 .5 .  I t  i s  c l ea r ,  howeve r ,
fron this comparison that agreemen! between the two
neasurement  rnethods ls  not  good,  par t icu lar ly  in
compar ison wi th the good agreement  shown for  smooth
slopes.  The scat ter  of  data values der ived f rom the
video recordings for  the tet rapod s lopes was much
wider  than for  the run-up gauges,  and appear to
demonstrate a d i f ferenL t rend f ron that  ident i f ied
above.  No fur ther  quant i ta t ive analys is  of  these
part lcu lar  resul ts  have therefore beerr  possib le.
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Run-up measurements on the stabi t  armoured s lopes
using run-up gauges were not  avai lable,  so ef for ts
were concentrated on analys ing the v ideo reeordings.
Run-up levels der ived f rom these by f i t t ing the
Rayle igh probabi l i ty  d iscr ibut ion are shown j -n

F ig  4 .9 .  Aga in  t he  daEa  va lues  a re  w ide l y  sca t te red .
They do,  however,  appear to fo l low the general  t rends
shown  i n  F igs  4 .5  and  4 .6 ,  bu t  a t  l ower  va lues ,  c l ose r
to  t hose  shown  i n  F igs  4 .7  and  4 .8 .  The  sca t te r  o f
the resul ts  d id not  just i fy  f i t t ing equat ions of  the
form proposed by Losada and Ginenez-Curto,  as

experience had shown thaE convergence of the iterative
meEhod used was very s low as the scat ter  of  the data
values increased.

i"leasurements on the diode aruoured slopes were made
wi th the run-up gauges,  and levels der ived f rorn them

are shown in F ig 4.10.  The levels measured are very
s in i lar  to  those measured on the teE,rapod s lopes,  but
appear to demonstrat -e a less exponent ia l  t rend.  I t

may be that  th is  is  pr inc ipal ly  due to the l in i ted

nuube r  o f  s l ope  ang les  se lec ted ,  l : 1 .33  and  1 :1 .50

only.  Sinple l inear  regression lsas therefore used to
give mean trend lines valid over the range of

cond i t i ons  t es ted : -

Curves of  the general  forn of  equat ion 4.18 have a lso
been  f i t t ed  co  these  resu l t s : -

R " / H s  =  0 . 8 6 3  *  0 . 0 2 5  l r f

R 2 l H s  =  1 , 2 9 7  *  0 . 0 1 1  I r r

( 4 . 2 2 )

( 4 . 2 3 )

(4 .24)

(4 .2s )

the correlat ion
these curves are in
of condit . ions

R" /IIs =

R2/t{s =

6 .42  T r '
I r t  *  2 7 . 7

3 . 5 0  I r l
I r r  +  8 . 1 8

I t  should be not ,ed,  however,  that
calculated was re lat lve ly  lord,  and
any case valid only over the range
s t u d i e d .

During the earl ier study, run-up levels had also been
measured on SHED armoured slopes using the video
technique only,  and are shown in Fig 4.11. These
results appear to show higher levels of run-up on the
SHED arnoured slopes than were seen on the other
armoured slopes. In part  thls night be expected as
the SIIED units are relatively open and are laid in a
single layer only. tlowever it should be noted that
these units are much smal ler in relat ion to the wave
he igh ts ,  and lengths ,  than the  o ther  un i ts  tes ted  in
this study. This may i tsel f  give r ise to a reduced
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re la t i ve  roughness ,  an  e f f ec t  t ha t  i s  d i scussed  l a te r .
As ,  howeve r ,  t hese  tes t s  y i e l ded  few  tes t  r esu l t s ,
l i t t le  fur ther  quant i ta t ive analys is  of  t t rese resul ts
was per formed than to f i t  equat ions of  the form of
e q u a t i o n  4 . 1 8 : -

R" /Hs  =

R2 lHs  =

1 . 3 3  I r
I r r  +  0 .0002

-!;!8- rt
I r f  +  1 . 3 9 2

( 4 . 2 6 )

( 4 . 2 7  )

Again,  however,  the corre lat ion calculated was
relat ive ly  low.

5 TEE PROBABILITY
DISTRIBUTION OF
RUN-UP CRESTS

5 .1  P robab i l i t y
d i s  E r i bu t i ons

A number of  tests were selected f rorn the rnass of
resu l t s  ava i l ab le ,  f o r  de ta i l ed  s t , a t i s t i ca l  ana l ys i s .
The choice {das in tended to produce a representat ive
sample of  the Eota l  ser ies of  exper iments.  Those
selected are l is ted below, and inc lude roughly s in i lar
tests wi th only  the armour tnater ia l  changed,  and a lso
experiments with similar units and only the wave
conditions changed. In each case random l^raves were
used,  speci f ied by a JONSWAP spectrun def ined by
signi f icant  wave height  and nean per iod.  Resul ts  in
th is  chapter  have been scaled by a Froudian scale of
1  :  32 .5 .

Armour Structure Hs lz
Type S lope (m)  (s )

S m o o t h  1 : 1 . 5  5 . 2  9 . 2
S i n o o t h  1 :  2 . 0  5 . 2  9 . 2
A n t i f e r  C u b e  1 : 1 . 5  4 . 8  8 . 8
D i o d e  1 : 1 . 5  4 . 8  8 . 8
D i o d e  I  :  I  . 5  2 . 9  8 .  1
S I I E D  1 :  1  . 5  7  . 0  L L . z
SI IED Lz2.O 7 .O LL.z

It  is wel l  known that there is very l i t t le correlat ion
between sea surface elevat ion and water 1evel on a
beach or structure. Consequently the number of run-up
crests may be lower than the number of waves in a run.
For the present purpose, the number of run-up peaks
measured during a test is used in preference to the
number of waves, al though the lat ter would be easier
to  ob ta in  in  p rac t ice .

Various theoret ical  probabi l i ty density funct ions have
been f i t ted to run-up in the past,  witn di f ferent
degrees of success, depending upon the condit ions. In
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Garnma pdf p(R) = .bc- exP {-Un'}  n '
r(" )

where for  Garnrna b = Rr /4. ,  
"  

=  b Rl

Rayle igh pdf  p(R)  = L+ e*p{-o.ZAs'  
f l r z  "

(deriv-ed by subs_citut ion _?{ *rr" = 1
(2x/x2r*" )  

" *p { -  [x /xr r "  ] ' ]1 .  
- - -

r  r R t  l c texP r lb  J  I

th is  s tudy,  the Gamma, Rayle igh and Weibul l

d i s t r i bu t i ons ,  de f i ned  be low  i n  equa t i ons  5 .1 -5 .3 ,  a re
f i t ced  to  t he  da ta  co l l ec ted  du r i ng  the  seven  se lec ted
tes t s .  The  resu l t s  a re  shown  i n  F igu res  5 .1 -5 .7 .

( c - r )  5 .1

Weibul l  pdf  p(R) =

5 . 2

P ( x )  =

5 . 3

where Rt = R-a
and a may be taken to represent the level below

which no run-up peak wi l l  be recorded.

The Gamna dis t r ibuLion is  def ined by two parameters

f rom the data,  ie  i ts  mean and standard deviat ion,
whi ls t  the Rayle igh d is t r ibut ion is  def ined by only
one or  the other  of  these values.  The Weibul l
d is t r ibut ion,  however,  is  more p l iab le,  in  that  the
parameters b and c can take any values Ehat produce a
good f l t .  They are actual ly  obta ined by a graphical

nethod which takes in to account  a l l  the data points.

The zero level  of  each d is t r ibut ion is  fa i r ly
arb i t rary,  being the st i l l  water  level  at  the t ine of

insta l la t , ion of  the recordlng apparatus.  This nay not

be the minimuu leve1 of run-up cresEs, and so the
parameter  a appears in  a l l  three equat ions,
represent lng the sharp lower cut-of f ,  below which
run-up peaks do not occur.

A compar ison of  error  squared test  va lues suggests

that  the l le ibul l  d is t r ibut ion general ly  g ives the best

f i t ,  rdhich is  not  surpr is ing s inee i t  has the most
f lex ib le format  of  the three.  The exper inenta l
result,s do not form as smooth a curve as nlght be

expected i f  any theoret ica l  funct ion were t ru ly  a good

f ic  for  the data.  0n1y a few of  the exanples quoEed

would pass the usual  s tat ls t ica l  tests for  agreement .
Ilowever, any of the three would produce a useful guide

to est lmat ing extreme events baseC on a l l  the resul ts ,
rather  than just  a few high values.

In the seven exper iments which are p lot ted here '  the

We ibu l l  d i s t r i bu t i on  p roduces  a  s l i gh t l y  be t te r  f i t

than does the Rayle igh,  whlch in  turn g ives a bet ter

f i t  than the Gamma. I t  is  a lso noted that  the SHED

and smooth s lope resul ts  are general ly  becter  matched
by the theoret ica l  d is t r ibut ions than are the d iode

and  an tL fe r  resu l t s .

f,*lrl *'
.129 i  in to

c

b
; R r  1 ( c - l )
L - J
b

L 7



5.2  Ex t , reme leve ls

The lack of  consis tency in  the present ,  resul ts  and in
those g iven e lsewhere in  the l i terature i .ndicaEes that
no s ingle probabi l i ty  densl ty  funct ion provides a good
f i t  in  a l l  cases.  For  pract ica l  purposes l t  uay be
bet ter  to  measure the run-up design parameters,  ie
mean,  s tandard deviat lon,  R2 and R" d i rect ly  f ron the
or ig lnal  data,  than to f i t  an arb i t rar i ly  se lected
probabi l i ty  d is t r ibut ion.

The predict ion of  ext reme 1eve1s,  such as R2,  may be
nade by calculatlng a typical run-up level, such as
R",  and then determin ing R2 f rom that  level .  This  has
often been done by assuming that these run-up levels
are l lnked by a Rayle igh probabi l i ty  d is t r ibut ion.
For  such a d is t r ibut ion of  e i ther  wave helght ,  or
run-up level, the ratio of the 27" exceedance value to
the s igni f icant  va lue wi l l  be g iven by:

H 2 / H s = R 2 l R " = 1 . 3 9 9

For th is  s tudy,  the resulLs of  measurements on smooth
slopes,  der ived by d i rect  in terpolat ion f roru the
output of the run-up gauges, give a mean value of
R2/Rs of  1.45,  s l lght ly  h igher  than would be predicted
by a Rayle igh d is t r ibut ion.  This increased rat io  is
in  general  agreement  /g+th the resul ts  of  work by
Kanphuis and Mohaned\" /  who found R2/F = 2.4,  rather
than 2.23 whlch would be predicted for  a Rayle igh
dist r ibut ion.  The rat io  of  R2 to R" has a lso been
exarnined for the armoured slopes considered in this
st .udy.  Values of  the mean rat io ,  and i ts  s tandard
deviat ion are shown below:-

R2lRs
Mean Std .  dev .

Slope

Snnooth

Te t rapods

An t i f e r
cubes

Diodes

Measurement
method

Gauge

Video

Gauge

Gauge

Gauge

Spec t ra l
type

J
M

J

J

J
M

J
M

L . 4 5
1 . 4 5

1  . 5 8

1  . 3 6

I  . 3 6
1 . 3 9

L . 3 7
I . 4 L

0 .  10
0 .  10

0 .  16

0 .07

0 .08
0 .  11

0 .08
0 .09

I t  is int ,erest ing to note that R2/Rs for armoured
slopes was always less than on smooth slopes, and
generally less than would be predicted by a Raylelgh
distr ibut ion. The higher values of R2 produced by the
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6 . 1

DISCUSSION OF
RUN-UP LEVELS
MEASURED

General

6 ,2  Smooth  s lopes

v ideo  ana l ys i s  have  been  d i scussed  i n  Sec t i on  4 .3

above.  General ly  i t  would appear that  the use of  the
Rayle igh probabi l iEy d is t r ibut ioo to predLet  2%
exceedance run-up levels wi l l  be s l ight ly  conservat ive
on armoured slopes, but nuay lead to a srnall
under-predict ion of  level  on smooth s lopes '

The re lat , ive run-up levels measured in th is  s tudy have

been presented in chapter  4.  Compar isons have been
made of  the re lat . ive ef fects of  d i f ferent  inc ident

spec t ra l  t ypes ,  wave  he igh ts  and  pe r i ods '  s t ruc tu re
s lope angles,  and the d i f ferent  measurement
t .echniques.  The resul ts  have been descr ibed in terms
of  re lat ive run-up levels and the rnodi f ied I r ibarren
number.  In  th is  chapter  the run-up levels measured
are conrpared wi th those predicted by some of  thg
ne thods  i den t i f i ed  by  A l l sop ,  F ranc l  and  t t awkes (8 ) .

Areas of  d isagreeuent  between the resul ts  of  th is
study and some of  the predict ions are explored.

The l i terature rerr ie"(8)  ident i f ied a nunber of
predict ion methods for  regular  wave run-uP on snooth
slopes,  some theoret lca l  approaches for  i r regular  wave
run-up,  and the s ingle predict ion uoethod basedrprn
i r regular  wave neasureuents proposed by Ahrens(5) .
One of  the s inplesE predict ion exptessions for  regular
wave run-up ident i f ied in  the rev iew is  a 3-par t
expression advanced by Losada and Gimenez-Cu; to(22)
which is  compared wi th resul ts  of  th is  s tudy in

Fig 6.1.  Over the range of  input  var iables considered
in th is  s tudy,  th is  predict ion method appears to g ive

run-up levels ly ing between R" and R2.  The resul ts

i nd i ca te  a  sha l l ower  t r end  ove r  2 .5  (  I r r  <  4 .0  t han
that  predicted,  but  cont inue to g ive reducing run-up

va lues  fo r  I r  >  4 .0 .  The  use  o f  t h i s  p red i c t l on
expression to est inate R"/ I ts  would appear Eo be
general ly  conservat ive.

Fur t ,her  curves predict ing regular  run-up may b9.
calculated f rorn an expression advanced by Chue\23) .

These curves,  however,  demonstraEe a t rend of
inereasing re lat ive run-up levels wl th increasing

values of  I r  |  
,  contrary to that  shown by resul ts  f rom

th i s  s tudy ,  as  p lo t t ed  i n  F ig  6 .2 .  Fu r the rmore  Chuers
expression argues an ef fect ,  o f  s lope angle not

demonstrated by these resul ts .  Other  reservat ions as

to the val id i ty  of  th is  expression have been d iscussed
i n  t h e  l i t e r a t u r e  r e v i e w ( d ) .
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Ott ter  prediet ion methods have a lso been considere<l .  for
regular  wave run-up,  and A1lsop,  Franco e Uawtces(8)
g ive tables of  re lat ive run-up,  R/H,  for  var ious
structure s lopes and sea st ,eepnesses.  The Miche and
Hunt  formulae have been used to calculate values of
re lat ive run-up shown in F ig 6.3,  and compared wi th
levels measured in th is  s tudy,  as descr ibed by
equa t i ons  (4 .6 )  and  (4 .9 ) .  Th i s  compar i son  shows  rha r
t.he use of the Hunt and i{iche equations lntroduces an
ef fect  of  s t ructure s lope not  seen in the measured
resul ts .  The values of  R/H conputed f rom these
equat ions are hordever re lat ive ly  c lose to the measured
va lues  o f  \ / I l s  desc r i bed  by  equa t i on  (4 .6 ) .

Less good agreement is however shown by y4|ges of R/t{
der ived f rorn the Shore Protect ion l , lanual(z+/
(SPM F ig  7 .L2 )  and  p resen ted  i n  F ig  6 .4 .  These  show
an increasing d i f ference f rom values measured in Ehis
s tudy  a t  t he  h ighe r  va lues  o f  I r r .

For  i r regular  wave run-up,  Ahrens(5)  t . "  suggested a
general  expression for  smooth s lopes that  may be
w r i t t e n :  -

R - - / H s  =  C r  f  C "  ( H s / g  T ^ 2 )  +  C .  ( H s / e  r p \ 2  ( 6 . 1 )
X L z p J

where  R*  rep resen ts  Ro ,  R ,  o r  n - ,  and  C  1 ,  C ,  and  C ,  a re
enpir ic6 l  coef f ic ientB defern ined by re-gre is ion
analys is  of  the dat ,a considered.  Ahrens g ives tables
o f  v a l u e s  o f  C 1 ,  C r a n d  C 3  f o r  e a c h  o f  R o ,  R ?  a n d  R
for  a range of  s lopes.  Values of  re lat iVe r f in-up
R"/Hs and R2/ i Is  ca lculated us ing th is  method for
s l o p e s  o f  c o t  s =  1 . 5  a n d  2 . 0  a r e  c o m p a r e d  i n  F i g  6 . 5
wi th resul ts  of  th is  s tudy.  At  s igni f icant  run-up
level ,  R"r  those values predicted by Ahrens l ie  wel l
above those measured in th is  s tudy.  The reason for
these d iscrepancies are not  c lear .  I t  may be noted
that values of \/tts measured in this study are much
closer  E,o values of  R/H predicted by f lunt / l I iche,  than
are those predicted by Ahrensr  method.  The opposi te
is  however t rue of  the resul ts  shown in F ig, f r {
ca lculated f ron the Shore ProEect ion Manual \z '+) .  Thls
discrepancy of  va lues of  re lat ive run-up on smooth
slopes ! i las not  ldent i f ied dur ing the model  tests,  i . t
has therefore not  been possib le to resolve the reasons
for  these d i f ferences dur ing the course of  th is
s tudy .

I t  would appear however,  that  the data f rom which
Ahrens I  predict ion method is  der ived shows an ef fect
of  s t ructure s lope angle on the run-up levels measured
that  was not  seen in th is  s tudy,  see Fig 4.4.  A
compar lson of  the re lat ive run-up R"/Hs for  a 1:1
s lope g iven by Ahrens r^r i th  the regression l ine for
R" / I I s ,  equa t i on  (4 .6 ) ,  f o r  a l l  s l opes  measu red  i n  t h i s
study shows much bet ter  agreeuent .  Ahrensr  resul ts  on
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sha l lower  s lopes ,
relat ive run-up.
tlre order of. 3O%.

however,  g ive h lgher  values of
The extent  of  th is  d iscrepancy ls  of

6.3 Arrnoured slopes,
comparlson with
predict ions

Virtually no measurements have been made of run-up on
armoured slopes under random wave attack, so
predict ion rnethods are general ly based on the results
of tests on armoured slopes with regular waves'  or on
smooth slopes with random waves. The use of a simple
roughness factor to est imate run-up levels on arnoured
slopes frorn those predicted for the equivalent soooth
slopes has be9g, discussed previously by Losada I
c i r " " " r -c ; r ; ; (6 )  and by  A l l sop ,  p ra i rco '&  i {awkes(8) ,
both of whorn conclude that such a uethod is generally
unsat isfactory. This rnay be further demonstrated by
contrasting the run-up behavlour of snnooth and
tetrapod armoured slopes as presented in Figs 4.1 and
4.5  respec t ive ly .  In  th is  sec t ion  a t ten t ion  is
therefore directed pr lncipal ly to those predict ion
rnethods based on regular wave tests on armoured
slopes. i ' Iany such test,pesults have been analysed by
Losada & Gimenez-CurEo(o/ who have f i t ted equat ions of
the general  form:-

R/tt = A [r - exp (B rr) ] ( 6 .2 )

Anotheg"ggneral  expression is that ascr l-bed to CERC by
Grinbak\ '" / ,  that has already been given as equat ion
(4 .  r8 ) : -

n/H = +++
Values of these di f ferent enpir ical  coeff ic ients are
presented in both references 6 and 20, and are
reproduced here  as  equat ions  (6 .3 ) - (6 .11) ;  and va lues
f  o r  equat ion  (4 .18)  rnay  a lsor |9 . ,der ived  f  rom
express ions  quoted  by  See l ig \ ' r  /  2 -
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Armour unit

Tetrapod

Quadripod

Dolos

Roek (a )

R ock  (b )

R o c k  ( c )

Rock  (d )

R i p r a p  ( a )

R iP- rap  (b )

General  eq
nuuber

( 6 . 2 )

( 6 . 2 )

( 6 . 2 )

(6 .2>

( 4 . 1 8 )

( 4 .  1 8 )

( 4 . 1 8 )

(6 .2>

( 6 .2 )

Coef f ic ients
AB

0 .934  -0 .750

1 .538  -0 .248

L .2L6  -0 .568

r .370  -0 .596

1 .6  2 .0

t . 37  1  . 98

2 .40  2 .5L

L .7  89  -0 .455

1 .451  -0 .523

Equation
number

( 6 . 3 )

(6 .4>

( 6 .5  )

( 6 .6  )

( 6 .e )

(6 .10 )

(6 .11  )

( 6 .7  )

( 5 .  8 )

Pred ic t lon  equat ions  (6 .3 )  and (6 .4 )  fo r  regu la r  wave
run-up on tetrapod and quadripod armoured slopes are
shown in Fig 6.6, together with results for the
Eetrapod armoured slopes from this study. There is
very good agreemenE between the signi f icant run-up
levels measured in this study, as given by equat lon
(4.14) and the regular wave run-up levels neasured on
the  quadr ipod s lopes ,  as  g iven by  equat ion  (6 .4 ) ,  bu t
less good with that f i t ted Eo the tetrapod slopes,
equatton (6.3).  I lowever,  considering both regular
wave data sets together,  the predict ion methods show
very good agreeinent with results measured in this
s tudy.

No run-up measurements on anElfer cubes have been
presented elsewhere ln the l i terature, so ic has not
been possible to offer any direct comparisons with the
results of this study as given in equat lons (4.16) and
(4 .L7  )  in  F ig  6 .7 ,  Run-up on  rock  armoured s lopes  has
however  been descr ibed by  equat lons  (6 .6 )  and (6 .9 ) ,
and on  r ip - rap  s lopes  by  equat ions  (6 .7 )  and (6 .8 ) .
These di f ferent expressions for regular hrave run-up on
rock armoured slopes are shown in Fig 6.8. As
expected Lhe more porous slopes perrnlt. lower run-up
levels than the r ip rap slopes. The Lrend for R"/Hs
for ant l fer cubes given by equat ion (4.16) l ies
sl ight ly below those for R./H on rock slopes given by
e q u a t i o n s  ( 6 . 6 )  a n d  ( 6 . 9 ) .
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6.4  Armoured s lopes ,
e f fec ts  o f  o ther
var lab les

I t  appears f rom the resul ts  of  run-up neasurements on
arrnoured slopes that the run-up perfornance of such
slopes depends upon the re lat ive s ize of  the armour
uni t  wi th respect  to  the inc ident  hraves.  Tbiq
dependgpgy  i s  t ouched  up94_b r i e f  l y  by  S toa \ " ) ,
Ah rens ( ) )  and  Gadd  e t  r 1 ( zo l ,  a l 1  o f  whom gene ra l l y

consider  waves of  heights approaching the stabi l i ty
l in i t  o f  the par t icu lar  armour uni ts  concerned.
Stabi l i ty  considerat ions wi l l  set  a lower l in i t  to  the
armour uni t  s lze for  a par t icu lar  s i te  and set  of  wave
condi t ions.  The upper l in i t  wi l l  usual ly  be set  by
economic considerat ions and wi l l  o f ten s lnply  be
determined by apply ing a sui table safety factor  to  the
size detern ined for  s tabi l i ty ,  a l though an economic
analys is  may,  in  some c i rcumstances,  suggest  larger
uni ts  may be more appropr iate.  Recent ly ,  however,  the
high re lat ive stabi l i ty  of  s ingle layer ,  regular ly
p laced uni ts  such as Cobs,  SHEDS or  Dl-odes,  had 1ed to
the use of  armour uni ts  much smal ler  in  re lat ion to
the inc ident  rdave height  than h i ther to.  As the
re la t i ve  s i ze  dec reases ,  so  t he  th i ckness  o f  boch
armour and underlayer over which wave energy may be
absorbed is also reduced, and run-up 1eve1s rnay
therefore increase.  In  the l in i t  the run-up on such a
slope wi l l  approach that  for  a srnooth s lope.
Unfor t .unate ly  the in f luence of  re lat ive armour uni t
size on the run-up performance of an armoured slope
was ident l f ied as of  some s igni f icance only as a
resul t  o f  analys is  of  the test  measurements.  IL  was
not  therefore possib le to quant i fy  the ef fect  wi th in
th i s  s tudy .

A number of qualltative conclusions rnay however be
drawn f rom the resul ts  of  these tests.  As n ight  be
expected,  any reduct ion in  re lat ive run-up is  greatest ,
at  the lower values of  I r r ,  general ly  corresponding to
Ehe shal lorder  s t ructure s lopes,  hence having the
greater  s lope d is tances over  which the roughness and
porosl t ,y  of  the armour may act .  Conversely,  at  large
values of  I r r ,  again general ly  corresponding to
steeper s t ructure s lopes,  waves wi l l  tend to surge up
and down the s lope exper iencing re l i r t ive ly  less
reduction in run-up levels due to the armour roughness
and porosi ty .  In  the l i rn i t  run-up leve1s n ight  be
expected to tend to those for  s tanding waves against  a
ver t i .ca l  wal1.  Theoret ica l  expressions for  such
ci rcumgSqnces are d iscussed by Al lsop,  Franco &
I lawkes\" / ,  and re lat ive run-up is  shown to depend on

water  depth,  wave height  and/or  length.  For  waves of
a mean steepness,  H/Lo,  of  about  0.04,  the run-up on a
vertical wall in deep water may be estimated as around
R/t I  = I .2 .  I t  should be noted that  h igher  values of
re lat ive runl rp wi l l  resul t  f rorn less steep ldaves
and/or  shal lower water .
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CONCLUSIONS

From run-up neasurements,  d i f ferent  armour uni ts  have
been shown to g ive d i f ferent  re lat ive run-up curves.
With in th is  s tudy i t  has not  been possib le to ident i fy
the effect on run-up of armour unit size or of armour
layer  porosi ty  for  each armour uni t .  I t  rnay however
be reasonably expected that  curves of  s ignl f icant
run-up levels,  R"/Hs,  are bound at  the upper l i rn i t  by
the curves for  smooth s lopes,  and at  the lower l in i t
by curves tending towards the ver t ica l  wal l  l iml t r  sa.y
around R/ i I  = 1.2 for  the example considered above.
The lowest reliable run-up levels in this study were
ueasured on the Diode armoured s lope.

Within the range of structure slope" 
"rrd 

t".r.
condi t ions consi .dered,  the ef fect  of  wave steepness,
Hs/L,  sEructure s lope,  tan c,  and wave height ,  [ Is ,  on
run-up levels R" and R2 are wel l  descr ibed by sui tably
chosen expressions for  re lat ive run-up,  R"/Hs and
R2/I Is  in  terms of  the nodi f ied l r ibarren number,  I r r .

Both JONSI,IAP and Moskowitz spectral shapes were used
in test ing,  and no s igni f icant  ef fects on run-up
behaviour  due to spectra l  type were noted.

luleasurement.s on smooth slopes gave values of relative
run-up,  both at  2"4 exceedance,  R2,  and s igni f icant ,
R",  levels  that  are narkedly*{ower than those
p red ie ted  by  Ah rens '  me thod \ - / .  The  reason  fo r  t h i s
d iscrepancy has not  been ident i f ied,  and fur ther  work
wi l l  be necessary to resolve the apparent  d l f ferences.
It is noted however thaE. the significant run-up
levels,  Rs,  measured in th is  s tudy compare reasonably
c losely wl th the regular  wave run-up levels,  R,
predicted by I l *nQ and Miche and by Losada &
Gimenez-cur to l /z) .

Random wave model tests on both smooth arrd armoured
s lopes  have  con f i f *gd  the  conc lus ions  o f  t he , . .
l i t e ra tu re  rev iew(d ) ,  and  o f  o the r  rev iewers (o i ,  t ha t
the use of  a s imple roughness coef f ic ient  to  est imate
run-up levels on armoured s lopes f ron those predicted
on smooth s lopes is  1 ike ly  Eo g ive under-predict lons
of run-up levels in some circumstances and
over-predict ions in  others.

The run-up performance of rough armoured slopes nay
general ly  be descr ibed wel l  by an expression of  the
exponent ia l  form of  equat ion (6.2)  or  the rec iprocal
f o rm  o f  equa t i on  (4 .18 ) .  Bo th  t hese  exp ress ions
require the determlnat ion of  va lues of  the enpir ica l
coef f ic ients.  From the l in i ted compar isons possib le
it appear that there is good agreement between
signi f icant  run-up levels measured in th is  s tudy and
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regular wave run-up levels analysed prevlously.  The
results of some of those regular wave tests rnight
Lherefore be used Lo est imate signi f lcant run-up
levels.  The l lmitat ions of the or iginal  regular wave
tesEs rnust hordever be appreciated.

I t  ls c lear from this study that run-up levels on
armoured slopes are dependent on the relat ive size of
the armour unit  to the waves. ,Thls dependency on
relat lve aroour unit  s lze has been touched upon very
brief ly by other authors. I t  is however of greatest
i lnportance for the recent ly introduced single layer
units such as the cob, the S{ED and the Diode, where
their  very high stabi l i ty to welght rat io nay lead co
the use of arrnour units of a much srnaller relative
slze than hi therto. The seope of these rnodel tests
'Jas not however suff ic ienE t9 quant l fy the effect.

A number of di f ferent probabi l i ty distr ibut ions have
been fitted to run-up measurements on both smooth and
armoured slopes. The lack of consistent agreenent
with any one of the probabi l i ty distr ibut lons tested
in thls study, and with those considered elsewhere in
the l i terature, indicates that no single probabi l i ty
denslty funct ion is l ikely to provi .de a good
deseript ion tn al l  cases. 1t would therefore appear
to be more pract ical  for design purposes to predict .  a
slngle run-up level such as R", and then to est imate
extreme levels such as R2 using a Rayleigh
distr ibut ion. On smooEh slopes Ehis may lead to a
sl ight under-predict ion of extreme levels,  but on
armoured slopes the test results indicate that such a
nethod wi l l  general ly overpredict  the extreme levels
by a smal1 margin.

I t  should be emphaslsed Ehat the run-up predict ion
methods considered in this study should not be used to
est imate overtopping discharges for seawal ls.  I f
s ign i f i can t  over topp ing /+Q anEic ipa ted ,  the  des ign
method out l ined by Owen\ ' /  should be used where
appropriate, supported i f  necessary by hydraul ic model
t e s  t s .
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FIGURES

Fig 2.1 Deep random rdave f lume, overal l  v iew

Fig  2 .2  Tes t  f rame

Fig 2.3 Underlayer size grading

Fig 2.4 Tetrapod armour

F ig  2 .5  S tab i t  a rnour

Fig 2,6 Ant i fer cube armour

F ig  2 .7  D iode armour

Fig 2.8 SIIED armour

F ig  3 .1  Wave re f lec t lons ,  smooth  s lopes

F ig  3 .2  Wave re f lec t ions ,  te t rapod armoured s lopes

Fig 3,3 Wave ref lect ions, ant i fer cube armoured slopes

Fig 3.4 Wave ref lect i .ons, stabit  armoured slopes

Fig 3.5 I ' Iave ref lect ions, diode armoured slopes

Fig 4.1 Relat ive run-up on smooth slopes, direct interpolaEion from run-up

gauge, effect of  spectral  type

Fig 4.2 Relat ive run-up on smooth slopes, direct interpolat ion from video

Fig 4.3 Relat ive run-up on smooth slopes, der ived fron Rayleigh

distr ibut ions f i t ted to run-up gauge

Fig 4.4 Relat ive run-up on smooth slopes, direct interpolat i .on from run-up

gauge, effect of  s lope angle



Fig  4 .5  Re la t i ve  run-up  on  te t rapod armoured s lopes ,  d i rec t  in te rpo la t ion

from run-up gauge

Fig  4 .6  Re la t i ve  run-up  on  an t i fe r  cube armoured s lopes ,  d i rec t

interpolat ion fron run-up gauge

FIg  4 .7  Re la t i ve  run-up  on  te t rapod armoured s lopes ,  d i rec t  in te rpo la t ion

fron video

Fig 4.8 Relat ive run-up on tetrapod slopes, der ived fron Rayleigh

d is t r ibu t ions  f i t ted  to  v ideo

F ig  4 .9  Re la t i ve  run-up  on  s tab i t  a rmoured s lopes ,  der ived  f ron  Ray le igh

d is t r ibu t ions  f i t ted  to  v ideo

F ig  4 .10  Re la t i ve  run-up  on  d iode armoured s lopes ,  d i rec t  in te rpo la t ion  f ron

run-up gauge

Fig  4 .11  Re la tLve  run-up on  SHED armoured s lopes ,  d i rec t  in te rpo la t ion  f rom

v ideo

F i g  5 . 1  S m o o t h  s 1 o p e ,  1 : 1 . 5 ,  H s  =  5 . 2 a

F i g  5 . 2  S m o o t h  s l o p e ,  L : 2 . 0 ,  H s  =  5 . 2 m

F i g  5 . 3  A n t i f e r  c u b e ,  1 : 1 . 5 ,  H "  =  4 . 8 m

F i g  5 . 4  D i o d e r  l : 1 . 5 ,  H s  =  4 . 8 m

F i g  5 . 5  D i o d e ,  1 : 1 . 5 ,  H s  =  2 . 9 m

F i g  5 . 6  S I I E D ,  1 : 1 . 5 r  I I "  =  7 . 0 m

F i g  5 . 7  S H E D ,  1 : 2 . 0 r  H "  =  7 . 0 m

Fig  8 .1  Snnooth  s lopes ,  Losadats  express ion  and resu lLs  f ron  th is  s tudy

F ig  6 .2  Smooth  s lopes ,  Chuets  express ion  and resu l ts  f ron  th is  s tudy



F ig  6 .3  Smoo th  s l opes ,  Hun t /M iches '  exp ress ion  and  resu l t s  f r om th i s  s tudy

F ig  6 .4  Smoo th  s l opes ,  Sho re  P ro tec t i on  Manua l  p red i c t i ons  and  resu l t s  f r om

th i s  s tudv

F ig  6 .5  Smoo th  s l opes ,  Ah rens r  p red i c t i ons  and  resu l t s  f r om th i s  s tudy

F ig  6 .6  Te t rapod  a rmoured  s lopes ,  Losada fs  exp ress ion  and  resu l t s  f r on  th i s

study

F ig  6 .7  An t i f e r  cube  a rmoured  s lopes ,  resu l t s  f r om th i s  s tudy

F ig  6 .8  Rock  a rmoured  s lopes ,  Losada ' s  and  CERCTs  exp ress ions







'ig 2 . 2  Test  frame 
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Prototype rock weight : kg 
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Fig 3.1 Wave r e f l e c t i o n s ,  s m o o t h  s l o p e s  
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Fig 3.5 Wave re f lec t ions ,  diode armoured slopes 



oapln uo~j 
uo!yelod~alu! paJ!p 'sadols qloows uo dn-un~ an!lelaa 2.7 614 

add.1 le~pads jo pajja 'a6ne6 dn-un~ uo~j 
uo!lelod~alu! paJ!p 'sadols qloows uo dn-un~ an!lelaa 1.7 614 



Fig 4.3 Relative run-up on smooth slopes, derived from Rayleigh 
distributions f i t ted  to run-up gauge 
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Fig 4.4 Relative run-up on smooth slopes, direct interpolation 
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Fig 4.7 Relative run-up on te t rapod  armoured slopes, direct 
in terpolat ion f rom video 

Fig 4.8 Relative run-up on te t rapod  slopes, derived f rom Rayleigh 
distr ibut ions f i t t e d  t o  video 





Fig 4.11 Relative run-up on SHED armoured slopes, direct 
interpolation from video 









Fig 5.7 SHED. 1 : 2.0. H, = 7.0m 
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R2 I H s ,  eq L - 9  

Fig 6.4 Smooth s lopes, SPM predic t ions and r e s u l t s  f r o m  th is  
s t u d y  
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Fig 6.3 Smooth s lopes, Hun t/Michels express ions and r e s u l t s  
f r o m  th is  s t u d y  



Fig 6.5 Smooth slopes. Ahren's predictions and r e s u l t s  f rom 
this study 

Puadripods ( 6 1  /H -- ~ e t r a ~ o d s ~ ~ l  /K/ -- 'R, I HS 

eq 4.14 

Fig 6.6 Tet rapod armoured slopes, Losada's expression and 
r e s u l t s  f rom this study 
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Fig 6.7 A n t i f e r  cube armoured slopes, r e s u l t s  from th is  s t u d y  

Rock armour 
Eq 6.6 

Fig 6.8 Rock armoured slope, Losada's and CERC's express ions 




